Taliglucerase alfa is a beta-glucocerebrosidase enzyme replacement therapy approved in the United States, Israel, and other countries for treatment of Type 1 Gaucher disease in adults, and is the first approved plant cell-expressed recombinant protein. In this report, taliglucerase alfa pharmacokinetics were assessed in adult and pediatric patients with Gaucher disease from separate multicenter trials of 30 Units/kg and 60 Units/kg doses infused every 2 weeks. Serial blood samples were obtained from adult patients following single-dose administration on day 1 (n = 26) and multiple doses at week 38 (n = 29), and from pediatric patients following administration of multiple doses of taliglucerase alfa for 10-27 months (n = 10). In both adult and pediatric patients, maximum plasma concentration (C max ), area under the plasma concentration-time curve from time zero to last measureable concentration (AUC 0-t ), and from time zero to infinity (AUC 0-1 ) were higher after 60 Units/kg dose than 30 Units/kg dose. No tendency for accumulation or change in taliglucerase alfa pharmacokinetic parameters over time from day 1 to week 38 was observed with repeated doses of 30 or 60 Units/kg in adults. After multiple doses, mean (range) dose-normalized pharmacokinetic parameters were similar for adult versus pediatric patients receiving 60 Units/kg: C max expressed in ng/mL/mg was 42.4 (14.5-95.4) in adults and 46.6 (34.4-68.4) in pediatric patients, AUC 0 t expressed in ng•h/mL/mg was 63.4 (26.3-156) in adults and 63.9 (39.8-85.1) in pediatric patients, t 1/2 expressed in minutes was 34.8 (11.3-104) in adults and 31.5 (18.0-42.9) in pediatric patients and total body clearance expressed in L/h was 19.9 (6.25-37.9) in adults and 17.0 (11.7-24.9) in pediatric patients. These pharmacokinetic data extend the findings of taliglucerase alfa in adult and pediatric patients.
Introduction
Gaucher disease (GD) is the most common lysosomal storage disorder with an estimated prevalence in the general population of~1:50,000 [1] . A high degree of clinical heterogeneity is observed in patients, but all patients exhibit varying degrees of splenomegaly, hepatomegaly, thrombocytopenia, anemia, and skeletal pathology with the onset occurring during childhood through adulthood [2, 3] . The disease is caused by mutations in the gene encoding beta-glucocerebrosidase, an enzyme that catalyzes the hydrolysis of glucosylceramide within lysosomes leading to accumulation of glucosylceramide primarily in macrophages and subsequent multisystem pathology. [2] Enzyme replacement therapy (ERT) is a treatment paradigm wherein deficient enzyme is replaced via infusion of active enzyme; it is the standard of care for patients with GD. [4] Successful treatment of GD requires targeting of the infused enzyme to lysosomes within macrophages. This occurs via uptake of appropriately glycosylated enzyme to permit efficient uptake by mannose receptors on the surface of macrophages [5] [6] [7] .
A major advance in the care of patients with GD has been the development of processes to manufacture macrophage-targeted beta-glucocerebrosidase on a large scale [2] . Three ERTs are available for the treatment of Type 1 GD: imiglucerase, produced in a Chinese hamster ovary cell culture system [8, 9] ; velaglucerase alfa, produced in a human fibroblast cell system [10, 11] ; and taliglucerase alfa, an ERT produced in a plant cell-based expression system [12, 13] . Taliglucerase alfa is the first US Food and Drug Administration-approved plant cellexpressed recombinant therapeutic protein [13, 14] . It is indicated for treatment of adults with Type 1 GD in the United States, Israel, Australia, Canada, Chile, Brazil, and other countries, and is approved for treatment of pediatric patients in the United States, Australia, and Canada, and for hematologic manifestations in pediatric patients with Type 3 GD in Canada. The plant cell production system allows for generation of appropriately glycosylated glucocerebrosidase without the need for post-production enzymatic modification or mammalian-derived components in the production process [12] .
Clinical trials have been conducted in adult and pediatric patients who were ERT-naïve and who had been switched from imiglucerase to taliglucerase alfa [15] [16] [17] . The approved dose of taliglucerase alfa for ERT-naïve adults is 60 Units/kg given every 2 weeks as a 60-to 120-minute intravenous infusion; dose adjustments may be made based on patient clinical achievements. The approved Units/kg dose for patients switching from imiglucerase is the same Units/kg dose of taliglucerase alfa [13] .
To extend the findings of taliglucerase alfa, this report characterized the pharmacokinetics (PK) of 30 Units/kg and 60 Units/kg taliglucerase alfa in adult ERT-naïve patients with GD (single-and multiple-dose PK) and in pediatric patients with GD who were either ERT-naïve or had previously received imiglucerase treatment (multiple-dose PK).
Methods

Study design and patients
The objective of this analysis was to assess the PK of taliglucerase alfa in adult and pediatric patients from safety and efficacy studies PB-06-001 (adult patients) and PB-06-006 (pediatric patients) with GD using descriptive statistics.
The PK of taliglucerase alfa infused at nominal doses of 30 and 60 Units/kg body weight every 2 weeks in adults and pediatric patients with GD were evaluated using data from patients enrolled in 2 multicenter studies across 10 centers in Canada, Israel, Italy, Mexico, Spain, the United Kingdom, Chile, Paraguay, Serbia, and South Africa. Study protocols were reviewed and approved by the institutional review board/ethics committee at each study site. The studies [15] . Briefly, patients were required to have a diagnosis of GD with leukocyte glucocerebrosidase activity 3 nmol/mg•hr, splenomegaly (8 times normal volume), and thrombocytopenia (<120,000/mm 3 ) with or without anemia [15] . Patients who had received ERT or substrate inhibitor therapy within the previous 12 months were not allowed to enroll. Patients who had received ERT in the past could enroll provided that they had stopped receiving infusions for 12 months prior to study enrollment. Patients with severe neurological signs and symptoms characteristic of neuronopathic GD (complete ocular paralysis, overt myoclonus, or history of seizures) were excluded. Eligible adult patients were randomized to receive taliglucerase alfa 30 or 60 Units/kg (nominal dose) by intravenous infusion every 2 weeks. For consistency in the analysis, mean plasma concentrations of taliglucerase alfa were evaluated for patients receiving 120-minute infusions.
Pediatric PK were assessed in patients from an ongoing multicenter trial (study PB-06-006; NCT01411228) that enrolled pediatric participants (aged 2 to <18 years) with GD who had completed 12 months in protocol PB-06-005 (NCT01132690; ERT-naïve, randomized treatment with nominal doses of taliglucerase alfa 30 or 60 Units/kg for 12 months) or PB-06-002 (NCT00712348; open-label switch from imiglucerase to 9 months of treatment with taliglucerase alfa at the same dose as imiglucerase) [19] [20] [21] . Enrollment criteria for protocol PB-06-005 included a diagnosis of GD with leukocyte beta-glucocerebrosidase activity 30% of the mean activity of the reference range for healthy individuals, individual's clinical need for ERT in the opinion of the investigator, no use of ERT in the past or no use of ERT during the previous 12 months and a negative anti-glucocerebrosidase antibody assay assessment, and no use of substrate inhibition therapy during the past 12 months [20] . Patients with neurological signs and symptoms characteristic of neuronopathic GD (other than long-standing oculomotor gaze palsy) were excluded [20] .In study PB-06-005, the first patient was enrolled on October 11, 2010, and the last patient completed the study on April 10, 2012. Protocol PB-06-002 enrolled patients aged 2 years with a diagnosis of GD confirmed by enzymatic activity assay, and stable disease who had been receiving imiglucerase for 2 years and who had been on a stable maintenance regimen for the previous 6 months or more [21] . The first patient was enrolled on December 15, 2008 , and the last patient completed the study on January 14, 2013. In protocol PB-06-006, these patients continued to receive taliglucerase alfa at the dose administered in the original study for an additional 24 months. Pediatric patients received taliglucerase alfa infusions over approximately 100 minutes every 2 weeks.
Blood samples for PK analysis in plasma were obtained at time 0 (before the start of the taliglucerase alfa infusion) and at 45, 70, 110, 125, 135, 150, 175, 200, and 225 minutes after the start of the infusion. In adult patients, samples were obtained following single-dose administrations on day 1 and multiple-dose administrations at week 38. In pediatric patients, samples were obtained after multiple-dose administration of taliglucerase alfa for at least 10 months.
Bioanalytical methods
Blood samples were collected in tubes using K 3 EDTA as an anticoagulant. Plasma was separated by centrifugation at 1,500 x g for 15 minutes and stored at -70°C. Samples were sent to Midwest Bioresearch, LLC, a subsidiary of WIL Research Laboratories, LLC (Skokie, IL, USA), for PK sample analysis.
The concentrations of taliglucerase alfa in plasma were determined using a validated electrochemiluminescent (ECL) method with sulfo-tagged affinity purified anti-taliglucerase alfa. ECL was detected using an MSD Sector PR TM 100 reader (Meso Scale Discovery, a division of Meso Scale Diagnostics, Rockville, MD) and the concentration of taliglucerase alfa was calculated using a 4-parameter curve fit equation. The lower limit of quantitation (LLOQ) was 7.8 ng/mL and the upper limit of quantitation was 1,000 ng/mL. The intra-and inter-assay precision was within the acceptance criterion of <30% coefficient of variation (range: 3.95% to 12.44%, 7.45% to 21.31%, respectively); the intra-and inter-assay accuracy was within the acceptance criterion of ±30% relative error (range: -19.94% to 20.05%, -12.48% to 29.16%, respectively).
PK analyses and statistical calculations
PK parameters were determined using a noncompartmental analysis method. Concentration values reported below the LLOQ were assumed to be 0 ng/mL. Area under the plasma concentration versus time curve (AUC) from time 0 to the last measured concentration (AUC 0-t ) was calculated by linear trapezoidal estimation. Values for the elimination rate constant (k e ) and the elimination half-life (t 1/2 ) were considered reliable if the coefficient of determination (r 2 )
was >0.8. AUC from time zero to infinity (AUC 0-1 ), total body clearance (CL), volume of distribution during the terminal elimination phase (V z ), and volume of distribution at steady state (V ss ) were considered reliable if the value for k e was reliable and the percent extrapolation from AUC 0-t to AUC 0-1 , was <25% for adult patients and <30% for pediatric patients. In study PB-06-001 (adult patients), the V z was calculated, whereas in PB-06-006 (pediatric patients), the V ss was calculated. For each nominal dose level (Units/kg) with 3 or more values for the parameter, descriptive statistics were calculated and reported for the maximum plasma concentration (C max ), time to C max (T max ), AUC 0-t , AUC 0-1 , CL, V ss , and the normalized values. WinNonlin 5.0.1 and Phoenix WinNonlin 6.3 (Pharsight Corporation, a Certara company, St. Louis, MO, USA) were used for calculation of adult and pediatric PK parameters, respectively, with the exception of normalized parameter AUC 0-t /dose, which was calculated using Microsoft Excel. Summary statistics by cohort (mean, median, standard deviation) were also calculated with Microsoft Excel.
Results
Demographics
Demographics for adult and pediatric patients in the PK analyses are listed in Table 1 . The mean age of the adult patients was 37 years, the proportions of males and females were similar, and all but 1 patient was white. Twenty-six (30 Units/kg dose, n = 10; 60 Units/kg dose, n = 16) of the 31 adult patients in the intent-to-treat (ITT) population of study PB-06-001 were included in the day 1 PK analysis. Five patients (all were randomized to taliglucerase alfa 30 Units/ kg) were excluded: 4 patients had infusions stopped and restarted on day 1, and 1 patient had day 1 samples that were incompletely collected and insufficient for analysis of PK parameters. Twenty-nine (30 Units/kg dose, n = 14; 60 Units/kg dose, n = 15) of the 31 adult patients in the ITT population completed study PB-06-001; all 29 patients were included in the week 38 PK analysis). The duration of multiple dosing with taliglucerase alfa in adults was 38 weeks. Fifteen pediatric patients were enrolled in study PB-06-006. The mean age was 12 years, approximately two thirds were male, and all were white. Ten of these patients were included in the pediatric PK analysis. Three patients were excluded because the protocol amendment for the PK analysis was not approved in the patients' country, 1 patient was excluded from the PK analysis because of parental refusal to grant informed consent, and 1 patient was excluded because she reached the age of 18 years before sampling was scheduled to take place. Six of the 10 pediatric patients in this PK analysis received approximately 30 Units/kg (range, 20 to 35 Units/kg) and 4 received approximately 60 Units/kg (range, 49 to 60 Units/kg). The duration of multiple dosing with taliglucerase alfa in individual pediatric patients ranged from 10 to 27 months.
PK analysis in adult patients
The time courses for taliglucerase alfa plasma concentration are shown in Fig 1 for day 1 (single-dose treatment) and week 38 (multiple-dose treatment). PK parameters for adult patients are summarized in Table 2 . Measures of exposure (C max , AUC 0-t , and AUC 0-1 ) were higher after the 60 Units/kg dose than the 30 Units/kg dose on day 1 and at week 38, although there was an overlap in the ranges of the values. The mean T max ranged from 82.5-95.0 min, mean t 1/2 ranged from 25.0-34.8 min, mean clearance rates (CL) ranged from 19.9-30.7 L/h, and mean V z ranged from 11.7-17.5 L on day 1 and week 38. There was no apparent dependence of mean T max , t 1/2 , CL, or V z on dose or sampling day. No tendency for accumulation or change in taliglucerase alfa PK over time from day 1 to week 38 was observed with repeated doses of 30 or 60 Units/kg. 
PK analysis in pediatric patients
The time course of taliglucerase alfa plasma concentration is shown in Fig 2 for pediatric patients following at least 10 months of multiple-dose treatment. PK parameters for pediatric patients are summarized in Table 3 . C max , AUC 0-t , and AUC 0-1 were higher at the 60 Units/kg than 30 Units/kg dose. Mean values for T max and t 1/2 were similar for the taliglucerase alfa at 30 Units/kg and 60 Units/kg doses.
Comparison of PK parameters in adult and pediatric patients
Following repeated infusions of taliglucerase alfa (week 38 for adult patients and at least 10 months for pediatric patients), mean t 1/2 and CL values in pediatric patients (Table 4) were similar to those observed in adult patients. Dose-normalized (mg) exposure was also comparable in pediatric and adult patients (Table 4) .
Discussion
The single-and multiple-dose PK data of taliglucerase alfa in adult patients with GD and multiple-dose PK data in pediatric patients with GD have been presented in this report. For both patient populations, exposure to taliglucerase alfa, as measured by C max , AUC 0-t , and AUC 0-1 , was higher after the 60 Units/kg dose than the 30 Units/kg dose. In addition, mean values for T max and t 1/2 were similar for taliglucerase alfa 30 and 60 Units/kg. No tendency for accumulation or change in taliglucerase alfa PK over time from day 1 to week 38 was observed with repeated doses of 30 or 60 Units/kg in adults. In pediatric patients, dose-normalized exposure indicated dose proportionality between 30 and 60 Units/kg. Previously, Aviezer et al [22] reported an earlier, Phase 1 study of the PK of taliglucerase alfa in healthy adult volunteers (n = 6) who received escalating doses administered intravenously at separate clinic visits (15 Units/kg on day 8, 30 Units/kg on day 15, and 60 Units/kg on day 22). Maximum plasma concentration of taliglucerase alfa was reached by approximately 80 min after the start of infusion. Measures of exposure to taliglucerase alfa showed dose dependence. The range of values for t 1/2 (8-32 min) and CL (0.8-3.4 mL/min/kg) were comparable to those for adult patients in this analysis.
There is continuing research and clinical interest in ERT PK and pharmacodynamics (PD) due to unanswered questions related to dosing, long-term treatment, tissue targeting, and in vivo half-life in specific tissues [23, 24] . For example, Xu et al [23] described the comparative PK and PD of imiglucerase and velaglucerase alfa in liver, spleen, and lung using standard biochemical methodology in a mouse model of GD. Phenix et al [24] , taking a different approach, reported the development of the method for synthesizing a radiolabeled beta-glucocerebrosidase substrate analog that was suitable for positron emission tomography imaging and analysis of the biodistribution of beta-glucocerebrosidase-based ERT in a mouse model. The present analysis was limited by small numbers of patients, the use of multiple studies with non-identical designs, inclusion of patients with different therapeutic histories (e.g., patients switched from imiglucerase to taliglucerase alfa and patients continuing on taliglucerase alfa), and the absence of single-dose data for pediatric patients.
In summary, this report provides an extensive set of data and characterization of the pharmacokinetics of taliglucerase alfa, the first plant cell-expressed ERT for GD, across pediatric and adult patient populations.
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